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We present a study of the rare charm meson decays D' — KTK ete , n'n eTe, and
K- nteTe™ using a 942 fb~! data set collected by the Belle detector at the KEKB asymmetric-
energy ete” collider. We use D" candidates identified by the charge of the pion in D* — D'x
decays and normalize the branching fractions to D° — K #ntn #" decays. The branching frac-
tion for decay D° — K~ 7nTeTe™ is measured to be (39.6 + 4.5 (stat) 4 2.9 (syst)) x 1077, with
the dielectron mass in the p/w mass region 675 < e < 875 I\/[eV/c2. We also search for D° —
hhFete (h(’) = K, 7) decays with the dielectron mass near the i and ¢ resonances, and away
from these resonances for the K"K eTe™ and n7n eTe” modes. For these modes, we find no
significant signals and set 90% confidence level upper limits on their branching fractions at the

O1077) level.

Electroweak penguin quark transitions mediated by
flavor changing neutral currents (FCNCs) such as b —
s0Y07, b — dfte—, and ¢ — ufT{" (where £* is an
electron or muon) are forbidden at tree level in the stan-
dard model (SM) [1]. The FCNCs proceed through elec-
troweak box or loop diagrams and are thus highly sup-
pressed, and thus ¢ — u£7¢~ decays probe beyond the
standard model (BSM) physics that could affect the de-
cay rate and other variables. The BSM amplitudes can
interfere with the SM amplitudes, altering physics ob-
servables from the SM predictions such as total and dif-
ferential decay rates, and affecting tests of lepton flavor
universality (LFU) [2-6].

The decays ¢ — ufT¢~ are FCNC transitions of
a charm quark to an up quark and a lepton pair.
Compared to b — s£7¢~ and b — d{T{" decays,
these transitions are further suppressed due to the
Glashow—Iliopoulos—Maiani mechanism and the small
quark masses relative to the top quark in the loop [7].
The decays DY — X%/~ where X is a light-quark
system, can have contributions from both short-distance
(SD) and long-distance (LD) amplitudes, as shown in
Fig. 1. The SD decay amplitudes are suppressed, with
branching fractions (B) reaching only the 2 x 107
level [8]. However, LD contributions from photon pole or
vector meson dominance (VMD) amplitudes, which pro-
ceed through the decays D° — XO(v*/V0) — XV¢T¢—,
where v* is an off-shell virtual photon and VY is an in-
termediate vector meson (p, w, ¢), can reach values of
up to 2 x 107° [8] for the Cabibbo-favored decay D° —
K rtete.

Several BSM scenarios such as the minimal supersym-
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FIG. 1. SD contributions to FCNC D" decays through an
electroweak penguin diagram (left). LD contributions to
D" - X°v® — X°ITI™ decays through the VMD diagram
(right).

metric standard model, models including leptoquarks,
little Higgs, Z’ models, and models with warped ex-
tra dimensions predict significantly enhanced rates for
c — ulT¢ decays [2-6, 9-11]. Thus, measurements of
branching fractions for these decays allow us to probe for
BSM physics and to characterize the LD contributions to
the decay amplitudes.

The BABAR [12—-15], BES 111 [16], CLEO I [17], DO [18],
Fermilab E653 [19], E791 [20], and LHCb [21-25] Col-
laborations have searched for rare and forbidden X, —
B (RU)Y £+~ decays in several final states. BES IIT
sets upper limits (UL) at the 90% confidence level (CL)
in the range (11 —41) x 1076 for DY — A~ tete
decays [16]. Recently, several four-body decays D° —
et e~ (where hh\) = KK, 7w, Kr) have been ob-



served. BABAR observed the decay D° — K 7ntete~
in the mass range 675 < me. < 875 MeV/c2 at a rate
compatible with VMD contributions, and set a branch-
ing fraction upper limit on D® — K~ 7tete™, excluding
eTe™ resonances with branching fractions above 3.1 x
107 at the 90% confidence level [13]. LHCb observed
the decay D° — K~ 7" pu*pu~ [21], and also observed the
decays D° — 77~ ptp~ and DY — Kt K—ptp~ [22].

Here we search for the rare charm meson decays D° —
KT¥K=ete™, ntn~eTe™, and K~ nTeTe™ using data
collected by the Belle experiment. We analyze the ete™
— cc data that has a total integrated luminosity of 942
fb~'. The data was collected at center-of-mass ener-
gies (Fem) at the 77(4S5) resonances or 60 MeV below, at
the 7°(5S5) resonance, and in the 10860 < E., < 11020
MeV energy scan. The data was recorded from 2000 to
2010 from the collision of 8 GeV electrons with 3.5 GeV
positrons at the KEKB collider [26]. The Belle detector,
a large-solid-angle magnetic spectrometer, is described in
detail elsewhere [27]. The Belle inner detector consists of
a four-layer silicon vertex detector, a 50-layer central drift
chamber, an array of aerogel threshold Cerenkov coun-
ters, a barrel-like arrangement of time-of-flight scintilla-
tion counters, and an electromagnetic calorimeter com-
posed of CsI (T1) crystals, all located inside a supercon-
ducting solenoid coil that provides a 1.5 T magnetic field.
An iron flux-return yoke placed outside the coil is in-
strumented with resistive plate chambers to detect K?
mesons and muons.

We use Monte Carlo (MC) simulated events to opti-
mize selection criteria, calculate reconstruction efficien-
cies, and study background sources. We generate the
MC event samples using EvtGen [28], PYTHIA [29], and
we use PHOTOS [30] and Geant3 [31] to simulate final
state radiation and the detector response, respectively.
For each signal channel we generate hh() and ee reso-
nant and non-resonant signal MC samples. We neglect
interference between non-resonant and resonant decays.
We use MC samples of ete™ — g (where ¢ = u,d, s or
c¢) and ete” — BB corresponding to six times that of
the data to study the background composition.

We require at least five charged tracks in the event.
Each track must have a momentum greater than
0.1GeV/ec. We require the distance of the closest ap-
proach to the origin to be less than 4.5 cm along the
beam direction and less than 0.25 cm transverse to the
beam direction to reduce beam-induced backgrounds and
background from K9 mesons. We perform particle iden-
tification (PID) based on information provided by detec-
tor subsystems in the form of likelihoods L; for species
i, where i = e, u, w, K, or p for each track. Kaon can-
didates must have R = Li/(Lx + L) > 0.1 for the
K—nteTe™ and KT K~ete™ mode, and pion candidates
are required to have R < 0.4 for the 7t7~ete™ mode.
These requirements have kaon and pion identification ef-
ficiencies of about 97% and 91%, with misidentification
rates of about 20% and 10%, respectively. The electron
candidates must have R, = L./(Lc+ L+ Lx+Lr+ L))

> (0.8. To recover electron bremsstrahlung, we add pho-
ton(s) having a minimum energy of 20 MeV and an an-
gle within 5 degrees around the direction of the electron
track at the IP to the four-momenta of the electron candi-
date. The electron identification efficiency is about 91%,
with a misidentification rate of less than 3%. We use the
B2BII software package [32] to convert the Belle data to
Belle II data format and analyze the data with the Belle
IT analysis software framework (basf2) [33].

We reconstruct D — K- ntete™, ntr~ete™, and
KtK~eTe™ signal candidates from the selected kaon,
pion, and electron candidates. Candidates with D° in-
variant mass mppe. i the range 1.80 < mppiee <
1.93 GeV/c? are combined with a 7 candidate to form
a D*t candidate. The requirement of a D** tagged D°
suppresses the background from random track combina-
tions. Candidates must have a D*T momentum in the
center-of-mass frame p*(D**) > 2.5 GeV/c to reduce the
combinatorial background from B decays and a mass dif-
ference between D*+ and DY candidates Am within 0.5
MeV/c? of the nominal value [34] to be consistent with
the decay D*+ — DT, We also apply a vertex fit to the
decay chain D*t — Dot DO — hhee, with the D*
production vertex constrained to the interaction point.
We discard candidates that fail this fit.

The decay 7°/n — ete~7 can produce a complicated
background shape, which is difficult to model. The elec-
tron bremsstrahlung recovery can mistakenly include a
photon originating from a 7°/n decay so that the recon-
structed m(hh(eey) will fake the signal. Such decays
will also contribute to a background in the my,;, )., region
below the D° mass, resulting in a non-linear background
shape. To suppress these backgrounds, we apply the se-
lection me. > 200 MeV/c?. In addition, we do not ap-
ply electron bremsstrahlung recovery for candidates with
Mee in the 7 mass region (520, 560 MeV/c?). The m..
> 560 MeV/c? is applied to the K~ wteTe™ for search-
ing the signal not in the resonant region to suppress the
DY — K—7tn [— ete™ 7] background.

Some candidates include electrons originating from
photon conversions. In order to veto these events, we
combine the e* from the signal (D°) candidate with an-
other oppositely charged track from the event to form
a candidate ete™ pair. We require a converged vertex
fit for the photon conversion candidates (ete™) and dis-
card the corresponding D candidate if the angle between
the ete™ tracks in the lab frame is less than 0.07 radi-
ans or the invariant mass of eTe™ tracks is less than 100
MeV/c2.

Hadronic D° decays in which one or more of the D°
daughters are misidentified as leptons also contribute to
the background. In each event, we reconstruct D** —
DOzf with D° - K—ntn—nt, DY - ntn—7nt7—, and
DY —» KtK-7ntn~ decays in addition to the signal
modes hh(ete~. We discard the corresponding signal
candidate if any of the reconstructed hadronic D® decay
candidates have invariant mass and Am within 3 MeV/c?
and 0.4 MeV/c?, respectively, of the corresponding nom-



inal values.

For each signal mode, we optimize the selection criteria
for p*(D**), Am, PID, photon conversion and hadronic
D° vetos in the 1 (520, 560), p/w (675, 875), and ¢
(990, 1035MeV/c?) mass regions in order to search for
potential ee resonant decays. We also search for D° —
h~h()*ete™ decays in the me. spectrum not included
in the resonant regions defined above which we refer to
as "non-resonant”. The m., regions mentioned above
are not individually optimized, with the m.. ranges cov-
ering about 80% of the corresponding ee resonance re-
gions. For events with more than one signal candidate,
the candidate with Am closest to the known value is
selected. We optimize the cuts by maximizing a figure-
of-merit S/v/S + B for each m. region, where S and
B are the expected number of signal candidates in data
estimated from PDG [34] branching fractions and back-
ground yields estimated using background MC samples,
respectively. Since the D production rate is not pre-
cisely known, we measure the signal branching fractions
relative to the normalization decay D° — K ntn—nt,
with similar selections applied such as PID.

We calculate the signal branching fractions and upper
limits using the equation

Nppo T — —
B(hhee) = —hhllee K B(K ntr—nt),
Krnm E}Lh(/)ee

(1)

where N are the yields, and e are the reconstruction
efficiencies. We measure the branching fractions or set
branching fraction upper limits for various me. regions
in each hh("ee mode.

We use a one-dimensional unbinned extended maxi-
mum likelihood fit to my .. to extract the signal yield
for each decay mode in the n (520, 560), p/w (675, 875),
# (990, 1035MeV/c?), and remaining m., regions. The
signal probability density function (PDF) is a Gaussian-
like function with different resolutions above and below
the D° mass [35]. We obtain the signal PDF parameters
from fits to the signal MC distributions, and we fix these
parameters for the signal yield extraction. We model the
background using a linear function, where the slope pa-
rameter is floated in the fit. We do not examine any
signal mode distributions until the analysis procedure is
finalized to minimize potential biases on the measured
quantities.

We show the signal mode my;, )., distributions with
projections of the fits superimposed for each me. re-
gion in Fig. 2. For each signal channel, we provide the
branching fractions, and the corresponding significance
S = v —2AInL, where AlnL is the difference in the log-
likelihood from the maximum value with respect to the
value from the background-only hypothesis. We measure
the branching fraction of D® — K~ 7tete™ in the me.
range 675 < me. < 875 MeV/c? to be (39.6 £ 4.5 & 2.9)
x 1077, where the first uncertainty is statistical and the
second is systematic with a significance of 11.80. We set
90% CL upper limits using the CLs method [36] for the
channels with no significant signal; these results are in
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FIG. 2. D° — hhee decays m,,(,, distributions for m.. in
the 1, p/w and ¢ mass regions. The n — e*e™ v decay back-
ground is shown for DY - K~ nteTe™ with me. in the 7 mass
region (cyan dashed curve). These background PDF param-
eters are obtained from D° — K~ 7"y [— eTe™] MC simu-
lation in which the « is not reconstructed. The K™K eTe™
mode with me. in the n mass region is not fitted since only
one event is observed.

the range from (2.3 — 8.1) x 10~7. The extracted signal
yields, significances, efficiencies, and branching fractions,
or branching fraction upper limits for each me. region
are given in Table I. In the supplemental material, we
show the projection of the fit on the D° — h=h)tete



TABLE L. D° — h~h{Fete™ yields, efficiencies, branching fractions, significances, and branching fraction upper limits @ 90%

CL of each me. region. A fitted yield and a branching fraction are not reported for the KK e

~ete™ mode with me. in the my

region since only one event is observed, and the significance is determined from the CL; distribution. The first uncertainty is

statistical and the second is systematic.

Decay mode Mee Tegion (MeV/c?) Yield Efficiency (%) B (x1077) Significance ~ UL (x107")
KTK = ete
n 520-560 - 3.33 = 0.04 - 0.00 2.3
po/w > 675 2.6 + 1.8 5.68 £+ 0.06 1.24+09 +0.1 2.00 3.0
non-resonant > 200 * 3.5+ 3.3 2.97 £ 0.04 3.1+3.0+£04 1.50 7.7
T ete
n 520-560 0.6 £ 2.3 4.61 £ 0.05 04 +144+0.2 0.30 3.2
p° Jw 675-875 3.7+ 4.1 4.99 £ 0.05 2.0 £22+0.8 0.90 6.1
¢ 995-1035 3.6 £ 3.2 8.40 £ 0.06 1.1 £1.14+0.2 1.10 3.1
non-resonant > 200 1.4 4+ 4.2 3.29 £+ 0.04 1.24+34+1.1 0.30 8.1
K ntete
n 520-560 4.0 &+ 2.7 4.91 £+ 0.04 22+ 15+0.5 1.60 5.6
po/w 675-875 110 + 13 7.53 £+ 0.06 39.6 £ 4.5+ 29 11.80 -
10} 990-1034 4.6 £ 2.4 8.75 £ 0.06 1.4+ 0.8 +£0.3 2.50 2.9

@ Excluding resonance regions, which are the same for all three modes.

distribution as a function of m?2, with the background
subtracted using the sPlot technique [37].

Systematic uncertainties can be divided into multi-
plicative and additive categories. The additive system-
atic uncertainties affect the determination of the signal
and normalization mode yields and the corresponding
significance. Multiplicative systematic uncertainties in-
clude PID and tracking efficiencies. The systematic un-
certainty of tracking efficiency is 0.35% for each track,
obtained from a study of a D** — DO(rta-K)nx ™
data control sample. The systematic uncertainty due
to K identification is 1.0%, determined from a study of
a D*T — DY(K~m")x™ control sample. The electron
identification efficiency uncertainty is determined from
ete™ — ete eTe™ processes and found to be 2.0% for
each track. The PID efficiency corrections are applied
for the normalization mode and for each signal channel,
and the particle identification systematics are about 5%,
which depend on the decay channel. We do not include a
systematic uncertainty for the PID fake rates as the D°
candidate invariant mass of misidentified h~h()tete
decays do not peak near the D° mass after final selec-
tions according to MC simulations of hadronic D° de-
cays. To account for the potential non-resonant decay
contribution in the me. resonance regions, the signal effi-
ciency differences obtained using the signal MC between
non-resonant and resonant decays are included in the sys-
tematic uncertainty.

The uncertainty in yield extraction contributes to the
additive systematic uncertainty, which affects the signif-
icance of the branching fraction. We obtain the PDF-
related uncertainties by varying the PDF shapes and pa-
rameters for both signal and background. As alterna-
tive PDFs, we use two double-sided Crystal Ball func-
tions [38] with a shared mean for the signal and a second-
order Chebyshev polynomial for the background PDF

functions to determine the signal yield systematics from
the PDF shapes. In addition, the yield differences be-
tween the signal PDF parameters, fixed and floated, are
incorporated into the systematic uncertainty. The ad-
ditive systematic uncertainty for the background origi-
nating from the signal channel D° — h~h()*ete™ with
ee from p resonant decay is negligible for other ee res-
onance regions. To incorporate the systematic uncer-
tainties into the upper limits, the likelihood function is
convolved with two Gaussian functions whose widths are
the total multiplicative and additive systematic uncer-
tainties and a third Gaussian with a width that is the
sum in quadrature of the additive systematic uncertain-
ties from the normalization mode.

In summary, we have measured the branching fraction
of D° - K~ nteTe™ in the mee range 675 < mee < 875
MeV/c? to be

(39.6 +4.5+2.9) x 1077

with a significance of 11.80 using 942 fb~' of Belle data.
The measured branching fraction is consistent with and
more precise than the BABAR measurement [13]. For the
other ee resonant and non-resonant regions, we do not
observe any significant signal and set 90% CL upper
limits on the branching fractions. These limits range
from 2.3 x 1077 to 8.1 x 1077. Our D° — K~7wfefe”
limits are more restrictive than the BABAR [14] and
BES III [16] limits.

Note added:

While this manuscript was being finalized, LHCb
published new results on D° — 7tr—ete” and
DY — K+*K~eTe™ decays. They observe the former in
two me. mass regions and set upper limits on the latter
that are 1.4-7.7 times more stringent than ours [25].
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Supplemental material to D° — h~h()*Tete

D° — h~h"*ete™ MODES dN/dm?2, VS m?, DISTRIBUTIONS

Figure 1 (below) shows the D° — h~h()tete™ modes dN/dm?2, vs m?2, distributions with background subtracted
using the sPlot technique.
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FIG. 1. dN/dee vs m2, distributions for D° — h~h"Fete™ candidates. The background has been subtracted using the
sPlot technique. A significant D® — K~ 7Tete™ signal with me. in p/w mass region is visible in the (0.4, 0.8 GeV?/c*) m2,
bins. The negative bins are due to low statistics after final selections. In the analysis, the selections are optimized separately
in each resonance region and in the combined non-resonant regions. For these plots, the p*(D**), Am, and PID selections for
the non-resonant region are applied to all m.. regions.



